As part of a programme of landscape-scale habitat surveillance in the United Kingdom (UK), the effect of grassland sampling intensity on the outcome of numerical classification was assessed. Sample quadrats from two regions of the UK were available for post priori analysis; a random sample from Great Britain (GB), with grasslands sampled in proportion to area, and an independent stratified random sample from Northern Ireland (NI), with similar numbers of quadrats from agricultural and semi-natural grassland habitat strata. Classification of a combined areaproportional (balanced) random sample from GB and NI showed the species composition of UK grasslands to be determined largely by climate, landscape structure and land-use intensity. The classification was influenced primarily by the greater number of eutrophic agricultural grassland quadrats and seminatural grassland quadrats of the larger GB study area. The semi-natural grasslands of NI, represented by a small number of quadrats, had little influence. Classification of a stratified NI sample combined with an area-proportional GB sample was influenced most by the NI semi-natural grassland quadrats. The structure of the classifications depended on sampling intensity. Vegetation classification should be derived from a balanced sample so that it is representative and its application does not lead to decisions being directed at classes of vegetation (or estimates derived from them) that are weighted by sampling intensity. Area-proportional sample design linked explicitly to landscape structure satisfies the requirement for a balanced classification. The issue of data-balance is relevant in conservation management and environmental assessment, where stratification is a commonly accepted procedure to reduce sampling effort, or is carried out to sample rare or ecologically interesting vegetation. It applies to landscape-scale vegetation classifications used for environmental assessments and to classifications that compare plant communities between regions (as in phytosociological
INTRODUCTION
Multivariate classification and ordination are key techniques for describing plant communities and assessing relationships between vegetation, the environment and management practices. Comparative experiments on the distorting effects of different algorithms on vegetation data sets, which are usually either artificially constructed (Gauch et al. 1977) or are taken from vegetation with restricted species assemblages (Austin & Orloci 1966; Podani 1989 ) have guided their development. It is widely understood that sample clustering algorithms and decisions on the weighting attached to plant species cover and rarity, influence analysis (Gauch 1982) . There are no field data-driven landscape-scale investigations, however, into the effects of sampling on the outcome of multivariate classification or the effects of combining extant data sets from different studies or different types of landscape. The issue is of general ecological relevance and is important where the resulting classification is used to guide decisions on environmental management.
Random sampling designs eliminate systematic error (Greig-Smith 1983) , but the sampling intensities needed for reliable landscape-scale ecological studies are usually high. The impracticality of random sampling is the main reason why examples are few at the landscape-scale of field survey. Sample stratification based on prior knowledge of the distribution patterns of vegetation increases sampling efficiency by allocating sample quadrats to each stratum (Smartt & Grainger 1974) . Noy-Meir (1971) stratified a vegetation survey by 10 land types to sample 240 000 km 2 of semi-arid vegetation in southern Australia. Orloci and Stanek (1979) stratified a vegetation sample of 900 km 2 of Alaskan Highway by previously mapped ecoregions and terrain types. Smith and Bunce (1978) used a multivariate land classification of Great Britain (GB) to define sampling strata for vegetation survey. Cooper et al. (1997) carried out a statistically structured assessment of regional variation in the distribution, species composition and management of blanket bog in Northern Ireland (NI) based on multivariate land class and habitat strata.
The concept of sample redundancy (Gauch 1982 ) recognizes that a vegetation sampling intensity greater than necessary to meet objectives is inefficient, but the effects of over-sampling, as in the generalized case of sampling ecologically interesting habitats more intensively, have not been assessed. The effect of this on interpreting or applying the results of numerical classification, has received little attention (Kenkel et al. 1989) . This issue became relevant following ecological survey to coordinate and integrate environmental management policy across GB and NI (i.e. the United Kingdom; Cooper & McCann 2000; Haines-Young et al. 2000) . The survey was carried out to inform landuse decisions relating to the biodiversity and conservation management of agricultural landscapes.
Independent grassland sample data sets from NI (Cooper & McCann 1994) and GB (Barr et al. 1993) , recorded using comparable methods and similar sampling procedures, were available for post priori analysis. While the surveys were specific to the grassland vegetation of the UK, the general principle of assessing the effects of sampling intensity on vegetation classifications emerged. The main aim of our paper is to investigate the influence of sampling intensity on the outcome of multivariate vegetation classification, using regionally recorded field data sets, typically available to decision-makers in conservation management and environmental assessment. Specific objectives are to assess the implications for sampling vegetation at the landscapescale, comparing vegetation between regions and combining metadata sets from different studies.
METHODS
The United Kingdom (UK) comprises Northern Ireland and Great Britain (England, Scotland and Wales). The coasts of NI and GB are, at their closest, separated by 15 km of the Irish Sea. At a regional scale there are differences between the two countries relating to the more oceanic climate of Ireland and its smaller flora, a result of its earlier separation from Europe following the last period of glaciation. Ecological survey of the grassland vegetation of these two regions was carried out independently by the Centre for Ecology and Hydrology (for GB grassland) and the University of Ulster (for NI grassland).
In the GB field survey (Barr et al. 1993) , plant species composition was recorded in 256 1-km 2 sample grid squares. The sampling programme was stratified by a multivariate land classification of Great Britain (Bunce et al. 1996) derived from the analysis of 1-km 2 grid squares based on environmental attributes such as altitude and climate. Within each sample square, up to 22 quadrats (200-m 2 and 4-m 2 square quadrats and 10-m 2 linear quadrats) were placed at random in the open countryside and species composition was recorded. From the data set of about 12 500 quadrats, a single classification was constructed (Bunce et al.1999 ) using the polythetic divisive algorithm TWINSPAN (Hill 1994 (Table 1) were drawn at random with a frequency approximately proportional to the estimated area of each class. The data set approximates to a land areaproportional random sample of GB grasslands.
In the NI field survey (Murray et al. 1992) , land cover in 628 0.25-km 2 sample grid squares, stratified by multivariate land classification (Cooper 1986 ) was mapped and estimates of the area of each land cover type were made. Grassland was mapped as three types of agricultural grassland (ryegrass, mixed grassland and other agricultural grassland) and five types of semi-natural grassland (species-rich dry grassland, speciesrich wet grassland, hill pasture, calcareous grassland and fen meadow). Murray et al. (1992) and Cooper et al. (1994) give descriptions these grassland types. The species composition of each grassland stratum was sampled randomly to a similar intensity, with between 36 and 77 random 200-m 2 quadrats (Table 1 ) giving a sample size of 421 (Cooper et al. 1994) . The data set is thus non-proportional in relation to the land area.
To achieve comparability, species nomenclature was standardized between the NI and GB data sets, with recording procedure, taxonomic species composites and aggregates taken into account. Botanical nomenclature follows Stace (1991) . Analysis of the two data sets was by species presence/absence in the quadrats. Species with less than five occurrences were deleted from each data set to reduce the influence of rare species. Because the data sets were characterized by a continuous gradient structure, the classifications were stopped with simple rules that were readily interpretable (Dale 1988 ). These were the third level in the classification hierarchy or <30 quadrats in an end-group. At this level, assessment of the heterogeneity of each end-group by detrended correspondence analysis (DCA) run under CANOCO 4.5 (ter Braak & Smilauer 1998) showed no major gradient structures or group discontinuities.
A random sub-set of the NI quadrats, sampled in proportion to the estimated area of each grassland habitat (Table 1) was created to carry out a combined area-proportional NI/GB classification. Because NI is smaller than GB, the areaproportional combined data set gives a small number of NI quadrats. The NI sample was therefore adjusted to give an arbitrary 20% representation. Of the 421 NI quadrats, the area-proportional sub-sample comprised 115 quadrats. In terms of sample design, this was directly comparable with the area-proportional GB data set. This enabled us to test the hypothesis that NI and GB grasslands were similar in terms of species composition and occurred in the same relative amounts in the farmed landscape. Two combined NI/GB quadrat classifications were carried out to assess the effects of sampling effort: (1) an area-proportional balanced sample data set to compare NI and GB, and (2) a stratified NI sample combined with an area-proportional GB sample. The known Table 1 Number of GB and NI samples and sub-samples and cross-tabulations of grassland sampling strata with a TWINSPAN classification of a combined area-proportional sample of NI and GB strata. GB grassland strata = G1-G10 (strata are named by species with the highest frequencies) and NI grassland habitat types = N1-N8 (Cooper & McCann 2000) . 
Survey class code
Species-rich wet grassland 77
ecology of species (Stace 1991; Webb et al. 1996) and the mean weighted quadrat Ellenberg indicator values for pH, nitrogen and water (Ellenberg 1988; Hill et al.1999) were used as diagnostics to aid interpretation.
RESULTS

Area-proportional NI and GB data set classification
The first division in the TWINSPAN classification ( Fig. 1 ) separated 87 quadrats (groups 5 and 6) characterized by indicator species of British semi-natural grasslands, a high mean number of species and low mean weighted Ellenberg pH and nitrogen indicator values (Table 2) . Group 6 was composed entirely of GB quadrats with a high frequency of Thymus praecox and Erica cinerea (Table 2) , species characteristic of well-drained upland grassland. Group 5 represents GB and NI wet grassland, with a high frequency of Juncus effusus and Poa trivialis (species indicative of wet grassland) and a high Ellenberg water indicator value. It was the only group to contain the statistically expected number of NI and GB quadrats (Table 3) . At the second level in the TWINSPAN hierarchy, the 435 quadrats of groups 1-4 had a high frequency of the agriculturally preferred (i.e. sown) species Lolium perenne. Groups 1 and 2 were distinguished from groups 3 and 4 by a low mean number of species (Table 2 ) and high Ellenberg nitrogen indicator values. Group 1 contained predominantly GB dry eutrophic grassland quadrats, characterized by the TWINSPAN indicator species Dactylis glomerata, historically sown for its drought-resistance in southern Britain. Group 2 represented wet eutrophic NI grassland. It had a significantly higher than expected number of NI quadrats (Table 3) . TWINSPAN indicators distinguishing it from group 1 included Poa trivialis, Agrostis stolonifera and Alopecurus geniculatus, species of wet soils. Group 2 also had a higher Ellenberg water indicator value than group 1.
Groups 3 and 4 were characterized by species indicative of less eutrophic grasslands. Group 3, with a significantly higher than expected number of NI quadrats, had a high frequency of wet grassland species (Juncus effusus and Cardamine pratensis) and a high Ellenberg water indicator value. Group 4, the largest grassland group, comprised less eutrophic samples mainly from GB, characterized by indicator species of well-drained soils (such as Dactylis glomerata and Achillea millefolium).
The main grassland groups derived from the classification were thus: eutrophic dry grassland (group 1) largely from GB; eutrophic wet grassland, largely from NI (group 2); less eutrophic dry grassland (group 4), largely from GB; less eutrophic wet grassland, with a relatively large number of quadrats from NI (group 3); and semi-natural speciesrich grasslands (groups 5 and 6), with one group (group 6) characteristic of the GB marginal uplands. 
Stratified NI and area-proportional GB samples
The first TWINSPAN division (Fig. 2 ) separated off groups 1-3, with a high frequency of the agriculturally preferred Lolium perenne (Table 4) . Groups 1 and 2 had a low mean number of species (Table 4 ) and high Ellenberg water indicator values. Group 1 was composed mainly of GB samples, with group 2 mainly NI samples characterized by a high frequency of Alopecurus geniculatus and Agrostis stolonifera (species indicative of wet soils) and a high Ellenberg water indicator value. Group 3 was relatively species-rich grassland, probably related to a less intensive management regime.
Groups 4-7 were largely NI samples (Table 5 ) characterized by semi-natural grassland species, a high mean number of species and low Ellenberg nitrogen indicator values. Group 4 had a high frequency of Cynosurus cristatus. It contained a high proportion of the NI species-rich dry grassland samples. Group 5 had a high frequency of the wet grassland species Ranunculus flammula and Carex nigra and had a high Ellenberg water indicator value. It comprised mainly NI species-rich wet grassland samples. Group 6 contained most of the NI calcareous grassland samples. Group 7 had a high frequency of Carex panicea, Succisa pratensis and Pedicularis sylvatica, species of wet soils. It contained a high proportion of the NI hill pasture and fen meadow samples and had low Ellenberg pH and nitrogen indicator values.
The main groups derived from the classification were thus: eutrophic grassland largely from GB (group 1); eutrophic grassland with wet grassland indicators, largely from NI (group 2); less eutrophic grassland (group 3); and four groups (groups 4-7) representing the semi-natural grasslands of NI.
DISCUSSION
The UK classification of a combined NI and GB areaproportional random quadrat sample gives a balanced description of grassland variation, determined largely by the key environmental variables of climate, landscape structure and agricultural land-use intensity. The statistically different ratio of NI and GB quadrats in five of the six vegetation classes, compared with the ratio of quadrats expected from the area-proportional sample, is a formal demonstration of significant differences in species composition between the two regions. The area-proportional classification is dominated by the greater number of quadrats from the larger GB study area, where dry eutrophic grassland predominates and seminatural grasslands are mainly in upland landscapes. Eutrophic agricultural grassland quadrats from NI are also represented in the classification, characterized by indicator species of wet soils. This is a function of the more oceanic climate of Ireland. The difference in community composition between eutrophic grasslands in GB and NI is apparent despite the small size of NI. This is because sown eutrophic grassland in NI is the main grassland type in the area-proportional sample. The small influence of NI semi-natural grassland quadrats on the classification compared with GB semi-natural grassland quadrats is due largely to their relatively small area and therefore low sample representation compared with sown grasslands.
In the combined classification of the area-proportional GB quadrat sample and the uniformly sampled NI strata, quadrats from the NI semi-natural grassland habitats have the greatest influence on vegetation classification. The classification is influenced by the weighting imposed by the relatively high sampling intensity of the NI semi-natural grassland strata. As in the combined NI and GB area-proportional classification, the influence of climate is apparent (although only in the eutrophic grasslands) but the influence of landscape structure is not. Our main conclusion is that sampling intensity influences pattern recognition, the principal aim of classification (Kenkel et al. 1989) and that this is important in studies where representativeness is a priority. We note, however, that while weighted sampling is not appropriate if landscape-scale representation is the aim, it is acceptable for characterizing the species composition of strata.
Sampling intensity has also been shown to influence the outcome of the numerical taxonomy of organisms. Clifford and Williams (1973) showed that by varying the number of identical taxonomic units in a numerical classification of grasses, added weight was given to the more intensively sampled groups and this influenced the classification and changed it. We show that the same applies to vegetation samples, in other words, sampling effort influences pattern recognition.
A model of plant community composition (Austin & Smith 1989 ) provides the conceptual basis of balanced sampling in community ecology. It is based on landscape-scale variation in environment gradient structure and distribution pattern and shows that similar communities (associated groups of species) can be delimited across study areas, provided that they have the same repeating patterns of landscape structure and environment gradients in common. In terms of this generally accepted model, balanced sampling linked to landscape structure allows representative classes of vegetation to be defined so that valid comparisons can be made. We conclude that vegetation classification should be derived from a balanced sample so that it is representative. Area-proportional sample Table 4 Group attributes of a TWINSPAN classification of a combined area-proportional sample of GB quadrats and a stratified sample of NI quadrats. The percentage frequency of TWINSPAN indicator species (I) and species with a frequency >80% in any one group are shown. Species are arranged by DCA order.
Species code
Name
Indicator species design linked explicitly to landscape structure satisfies the requirement for a balanced classification. The importance of using structured methods of defining landscape variation and balanced sampling in comparative studies of vegetation, was first developed in Cumbria, England (Smith & Bunce 1978) , where a multivariate land classification of kilometre grid squares, derived from variables such as climate, elevation and soil type was developed for stratifying area-proportional ecological sampling. The context for this was regional land-use planning and conservation. The approach was developed further to construct the Institute of Terrestrial Ecology (ITE) land classification of GB (Bunce et al. 1996) and used to monitor and assess the ecological consequences of land cover change as part of a Table 5 Number of GB and NI samples and sub-samples and cross-tabulations of grassland sampling strata with a TWINSPAN classification of a combined NI stratified sample and a GB area-proportional sample. GB grassland strata = G1-G10 (strata are named by species with the highest frequencies) and NI grassland habitat types = N1-N8 (Cooper & McCann 2000) . national strategic assessment of ecological resources. Balanced sampling was an integral element of these studies. A further example of balanced sampling at the landscapescale is that of Austin and Heyligers (1989) , who used an explicit rule-based method of stratified sampling to incorporate major gradients of environmental variation (gradsects) in a conservation evaluation of the forest vegetation of 20 000 km 2 of New South Wales (Australia). Gradsects were selected to represent the main regional environmental variables of geology, altitude and rainfall. The range of each variable was divided into classes and the resulting threedimensional cells were sampled randomly. The gradsect approach ensured that a balanced range of environments was sampled in approximate proportion to their area.
Survey class code
If the principle of data balance is not applied to vegetation classification, comparison of the plant communities of regional landscapes can be misleading. Separate phytosociological studies of shrub heath across Europe, for example, give a descriptive summary of the range of communities (Oudhof & Barendregt 1987) , but estimates of the proportions of the heath vegetation classes produced by a joint classification of the data sets would be invalid because the sampling design is not balanced. The main reason for lack of data balance in cases such as these is that the areas selected for study are usually of inherent phytosociological interest and therefore tend to be over-sampled. In France, for example, the heaths of Brittany are represented by large numbers of relevees, whereas the disturbed pine forest heaths of the Landes region have few.
The issue of representative versus weighted sampling (data balance) is particularly relevant in conservation management and environmental assessment, where stratification is a commonly accepted procedure to reduce sampling effort, or is carried out to sample (i.e. characterize) rare or ecologically interesting vegetation. The principle of data balance, however, is not routinely considered or applied by community ecologists or environmental managers. For example, Chytry (2001) has shown, by analysing the Czech National Phytosociological Database consisting of 40 000 relevees by different authors from different districts, that data on species-poor vegetation are more scarce than for species-rich vegetation and that the database may be severely biased towards relevees with a higher biodiversity. The National Vegetation Classification (NVC) of GB (Rodwell 1991) , which has been applied extensively for comparative vegetation mapping by environmental managers in GB and also in NI (a region outside the sampling domain of the NVC), was not derived from a balanced data set.
Data balance can be approximated using vegetation data that have already been collected, provided that information on sampling decisions is available, that preparatory analysis is carried out to ensure comparability and that an even distribution of samples through the strata can be achieved. If details of sampling intensity and study area boundaries (strata) are not stated explicitly in phytosociological studies, a balanced sample can not be extracted post priori for quantitative assessment. Preparatory analysis relating to sampling intensity associated with a phytosociological study of European shrub heath relevees, is exemplified by Oudhof and Barendregt (1987) . By processing relevees into homogeneous agglomerative clusters, employing sorting procedures that discarded outliers, and by displaying relationships on ordination diagrams, Oudhof and Barendregt (1987) reduced the influence of the unbalanced sampling design resulting from over-sampling.
A further example of how approximations to address data balance can be made where the distribution of a habitat or landscape has not been mapped or is not available, is that of Duckworth et al. (1998) . In a comparison of vegetation in different parts of Europe, Duckworth et al. (1998) aggregated relevées from existing studies by cells of 0.5
• of latitude and longitude, to address the problem of an uneven distribution of sampling in their study area. The Global Observation Research Initiative in Alpine Environments project (Bayfield et al. 2005 ) is a worked example of how data from multiple sources, working from standardized sampling protocols, can be screened to get reliable results.
The sampling design issue emerging from this discussion is that a vegetation classification should be linked, by areaproportional sampling, to landscape structure to maintain data balance, so that its application is not influenced by sampling intensity. Policy decisions relating to biodiversity assessment and conservation have a requirement for balanced sampling and statistical robustness (Cooper et al. 1997; Haines-Young et al. 2000) . If the principle of data balance is not followed, conclusions could be unrepresentative, that is they could be directed at classes of vegetation or estimates (such as area or species diversity) derived from them, which are a function of sampling intensity. If vegetation sampling is linked explicitly to landscape structure (Austin & Smith 1989) , valid comparisons of vegetation classes within and across landscapes can be made. Biodiversity policy development in the UK has been guided by field survey based on this approach (Cooper et al. 1997; Haines-Young et al. 2000) . An environmental classification of Europe has similarly been developed (Metzger et al. 2005 ) based on climate, geomorphology and geographical position (ocean influence and day length). It allows assessment and monitoring through stratified random sampling and provides a basis for environmental reporting and assessing changes in habitats and biodiversity.
Careful consideration of data balance is also relevant if extant data from different studies are combined for classification purposes. It has particular relevance to the coordination of sampling procedures in vegetation assessment and management across larger regions such as Europe (Neuhausl 1990 ). Data balance is especially important in view of current imperatives to use extant electronic data sets to inform land use, conservation and biodiversity policy and the ease with which meta-datasets can be combined and used for ecological resource assessment or conservation evaluation (Metzger et al. 2005) . We emphasize that sampling balance needs to be applied to surveys employing such strata so that valid comparisons across European landscapes and internationally can be made.
